Single-strand conformation polymorphism (SSCP) (4) is the most widely used DNA screening method. SSCP detects single-base sequence changes by abnormal electrophoretic migration of one or both single strands on a nondenaturing gel. The method does not detect all sequence changes, and the sensitivity is a complex function of sequence context and size (1) . Dideoxy fingerprinting (ddF) and bi-directional dideoxy fingerprinting (bi-ddF) were developed as hybrids of SSCP and either conventional Sanger dideoxy sequencing or bidirectional cycle sequencing. DdF and bi-ddF generate substantial redundancy in the SSCP effect, thereby detecting virtually 100% of single-base changes in segments of <300 bp and 300-600 bp, respectively (2, 6) .
Restriction endonuclease fingerprinting (REF) is another hybrid method, which can detect virtually all mutations in a 1-kb segment (3) . We show that twice as much sequence can be screened with REF (2 kb from 50 samples in a typical manual gel) with a small increase in effort. In addition, we provide evidence that REF is both a workhorse technique and can be applied to genes with GC contents of 70%.
For REF, a DNA segment is amplified by polymerase chain reaction (PCR), digested separately with different restriction enzymes, mixed, labeled, denatured and electrophoresed on a nondenaturing gel. Previously, five different restriction endonuclease digestions were performed in a blinded analysis that detected all of 51 mutations in a 1-kb segment (3) . We use six groups of restriction endonucleases to analyze a 1.94-kb segment of the human factor IX gene. Thus, any sequence change will be present in six restriction segments that yield twelve single-stranded segments (unless the mutation creates or destroys one or more of the restriction endonuclease sites). A change in mobility in any one of these segments is sufficient to detect the presence of a mutation. A change in mobility might reflect either a change in secondary structure (the SSCP component of REF) or an altered restriction Each digestion produced 7-10 restriction segments, resulting in a ladder of 104 single-stranded DNA segments per lane (8.6 segments per digestion × 6 digestions × 2 strands). The average size of the digested segments was 223 bp. The above reaction mixtures contained 0.5 U of calf intestinal alkaline phosphatase (CIAP) to remove the phosphate group at the 5 ′ end of the digested DNA segments. A final volume of 10 µ L was incubated at 37°C for 6 h, and then the enzymes were inactivated by heating at 80°C for 30 min. The digestions were combined (yielding 60 µ L), reheated at 90°C for 3 min and quickchilled. To facilitate equal labeling of the single-stranded ends, 3 ng (0.33 µ L) of digested DNA products were 5 ′ end-labeled with 5 µ Ci [ γ -32 P]ATP and 1 U of T4 polynucleotide kinase. The reaction volume was 2 µ L, and it was incubated at 37°C for 45 min. Stop/ loading buffer (50 µ L; 7 M urea, 50% formamide, 2 mM EDTA) was added to each sample. Each sample (1.5 µ L) was electrophoresed for 4-6 h through a The total number of scorable mutation-containing segments in the SSCP components was 224 at 20°C and 178 at 8°C, since some segments were electrophoresed out of the gel, dispersed or co-migrated. The segments of the SSCP component were scored by visual analysis for the presence of abnormal migration, and unequivocal mobility changes were scored. Typically, a migration change of ½ bandwidth was taken as the resolution. Also, a wild-type band may be composed of two or more compressed segments, partially or completely. If a mutation resolved into separate bands or if a mutation compressed separate segments (e.g., lane 26 in Figure 2B ), the segments were scored as abnormal. Mutant No. 8 showed the lowest efficiency (16.6%), while the efficiencies of 7 different mutants were 90+%. The above protocol differs from the previous protocol (3) in the following ways: (i) six restriction endonucleases, rather than five, were used; (ii) 0.5 U of CIAP was used regardless of whether the restriction endonucleases generated 5 ′ overhangs, blunt ends or 3 ′ overhangs; (iii) inactivation of the restriction endonucleases and CIAP was performed at 80°C (rather than 94°C) for 30 min, thereby eliminating the background associated with the gels; (iv) 104 single-stranded segments were analyzed per lane, as compared to 58 single-stranded segments previously; and (v) the segments were significantly larger on average (an average of about 224 bp with the largest segment of 559 bp compared to the previous experiment, in which the average segment was about 150 bp, and the largest segment was 285 bp).
In this study, forty-two samples of DNA from Hemophilia B patients were tested blindly in exons G and H. Twenty-two of the mutant samples contained a total of 18 different mutations ( Figure  1A) . A 1941-bp PCR segment was amplified and then cleaved separately by six groups of restriction endonucleases. All 18 mutations [15 single-base substitutions and two microdeletions of 2 and 3 bp ( Figure 1A) ] were found by REF and confirmed by sequencing analysis (Figures 1 and 2 ). There were no false-positives, and the repeated mutations gave reproducible fingerprints ( Figure 2 , lanes 6, 39 and 42; lanes 30 and 40). Thus, the sensitivity of REF was extended from an average segment size (about 150 bp) used in the previous protocol to about 220 bp.
A mutation can be localized by the restriction and/or SSCP components. Abnormal segments were scored and localized by comparison with control segments produced by digestion with a single group of restriction endonucleases (6 right-most lanes). Thirteen of the eighteen independent mutations could be localized within a 100-bp region, and all the mutations were localized within a 282-bp region. These results reflect the high efficiency of the SSCP component of REF (Table 1) .
REF has been a workhorse technique in the laboratory. It has been applied to multiple exonic and intronic regions of the factor IX gene, the 838BioTechniques
Vol. 23, No. 5 (1997) Figure  1A. (B) Nondenaturing gel electrophoresis at 8°C. Segments of A7, M5 and M6 were electrophoresed out of the gel, and one strand of the A9 segment was dispersed; i.e., smeared.
A B dopamine D1 and D5 receptor genes and the α 2 adrenergic receptor gene (data not shown). To optimize sensitivity of mutation detection near the ends of the amplified segments, a 7-8-nucleotide sequence with high GC content (e.g., GCCTGGT) and sequences containing appropriate restriction endonuclease sites were incorporated into the 5 ′ end of the PCR primers. The high GC sequence is lost after digestion with some of the restriction endonucleases, thereby preventing all the end fragments from being co-terminal. For segments of less than 300 bp or 300-600 bp, ddF and bi-ddF are more rapid methods of screening for mutations. However, for regions of 1-2 kb, REF offers the opportunity to screen megabases of DNA in a short period of time. Efforts are underway to increase the range of REF to 3-4-kb segments.
In conclusion, the present paper extends previous work by: (i)doubling the range in which virtually all mutations are detected, as demonstrated by a blinded analysis; (ii)modifying the protocol to facilitate the method and reduce background on the fingerprint; and (iii) demonstrating that REF can be performed on genes with GC contents ranging from 50%-70% with the presence of appropriate concentrations of urea (52 sequence variants found in 16 analyzed regions).
